Traditionally, the separation of domestic pig remains from those of wild boar in zooarchaeological assemblages has been based on the comparison of simple size measurements with those from limited numbers of modern or archaeological reference specimens and then applying poorly defined cut-off values to make the identification calls.
Introduction
The domestication of certain plants and animals at the beginning of the Holocene epoch beginning some 10,000 years ago heralded perhaps one of the most significant biocultural steps in the history of mankind. As a result, the study of the origins and spread of farming, through the palaeobotanical and zooarchaeological record provides the baseline datasets for understanding not only crucial aspects of complex evolutionary history of the species involved in their transition from wild to domesticated organisms, but also crucial biocultural evidence linked with the shift from hunting and gathering to early farming.
Separating "wild" from "domestic" in the early zooarchaeological record is therefore one of the most important challenges facing researchers studying domestication, yet it remains one of the most difficult. Charles Darwin was the first to notice a range of morphological and phenotypic traits common to many domestic animals yet different to their wild ancestors (Darwin 1868) , These include e.g. an obvious decrease in brain and body size, changes in some body proportions, and modification of external morphological characters such as emergence of piebald coat colour, wavy or curly hair, rolled and shortened tails, or floppy ears (Trut 1999, O"Regan and Kitchener 2005) . Many of the phenotypic and behavioural changes linked with domestication are inaccessible from zooarchaeological assemblages, where only skeletal and dental remains are available for study. New techniques of ancient DNA analyses are providing novel information about phenotype (e.g., the coat colour of mammals, Ludwig et al. 2009 ), but these data are not routinely available, due to poor preservation and analytical costs.
The zooarchaeological record is often very fragmented, and usually dominated by teeth that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 are more easily identified using morphological or biometric criteria (von den Driesch 1976, Payne and Bull 1988) . Identifying domestication using distinct morphological markers is therefore of prime interest for zooarchaeologists and is one of the principal approaches used extensively to do so over the last decades.
In the west Palaearctic, domestic forms of three taxa are particularly difficult to recognise in the archaeological record: cows (Bos taurus), dogs (Canis familiaris) and pigs (Sus scrofa).
These three species are more difficult to recognise than, e.g., sheep (Ovis aries) or goat (Capra aegagrus hircus), because of the ubiquitous presence of their wild ancestors across western Eurasia (Aulagnier et al. 2008) . For instance, we now know from recent ancient DNA research that the history of pig domestication is complex, and includes several processes of both local domestication, dispersal and introgression of wild and domestic forms (e.g., Larson et al. 2005 , Ottoni et al. 2013 , Larson & Burger 2013 .
Objective and accurate criteria are therefore necessary to disentangle the wild and domestic forms of these species during the Holocene. In this context, the identification of wild and domestic pigs from archaeological remains have been commonly assessed using traditional size measurments of teeth and bones (e.g. Vigne et al. 2005) . For pigs (and other domestic taxa), small individuals are commonly identified as "domestic" and large as "wild" (Albarella et al. 2006 , Rowley-Conwy et al. 2012 even if an important overlap in size does exist between the two groups (e. g. Payne & Bull 1988 ).
Identification of zooarchaeological remains is often undertaken using a framework of "reference" individuals of known geographic origin and or wild/domestic status. To identify the biometrical affinity of Sus scrofa remains from archaeological sites in Europe, the most commonly used reference datasets are either modern Turkish wild boar (Payne and Bull 1988) or late Neolithic domestic pigs from the UK site of Durrington Walls (Albarella and Payne 2005) . These biometrical datasets are first and foremost limited both in their geographic and temporal extent and so their relevance or applicability to zooarchaeological collections from differeing times or places should be questioned. Additionaly, a wild boar reference dataset should consist of more than a single population since wild boar are known to be very variable in size across their geographic range (e.g., Groves, 1981; Albarella et al., 2009; RowleyConwy et al 2012) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 More recently, studies have employed the more powerfull approach of geometric morphometrics to study morphological change in pig domestication (e.g., Cucchi et al. 2009 . In one study, molar size was shown to be a much poorer indicator of wild or domestic status in modern Sus scrofa than shape variables . Indeed, the size of wild and domestic modern West Palaeactic pigs largely overlaps and does not show a bimodal distribution, which implies inevitable high classification error rates (Payne & Bull 1988 ). On the other hand, geometric morphometric analyses of molar shape provide much better identification paired with higher classification probabilities. Sadly, geometric morphometric approaches have yet to become routinely applied in zooarchaeological studies. When compared to traditional techniques, they require learning new techniques about multivariate statistics and morphometrics, usually more sophisticated and expensive tools for data acquisition, and they require more time to measure and analyse the collections than traditional methodologies used by zooarchaeologists over the last decades of research. In addition, geometric morphometric (GMM) techniques do not allow the reexamination of previously published data without full re-analysis of the original archaeological (and relevant reference) specimens.
From this perspective, this study aims to provide: 1) a new biometric framework for size measurments of modern domestic pig breeds and wild boars from a large geographic area, in order to provide descriptive statistics based on larger datasets than those already available;
2) statistically-controlled and more objective criteria to identify wild and domestic pigs using standard measurements of Maximum Tooth Length (MTL) and Maximum Tooth Width (MTW) on the 2 nd and 3 rd upper and lower molars.
This approach relies on the definition of cut-off values that correspond to the optimal separation between the two groups based on a measure and visualisation of the error risk curves for erroneous identifications.
In order to validate the identification-tool proposed, the results obtained were compared to the published measurements of the Sus specimens from the Late Neolithic site of Durrington Walls (Wiltshire, southern England), for which the measurements were published with the aim of being used as a standard of archaeological domestic pigs (Albarella & Payne 2005 
Material
The comparative specimens used in this study are the same as those in Evin et al. (2013) and an intercept of 0. The relationships between MTL/EMTL and MTW/EMTW were then visualized using bivariate graphics.
Differences between wild boar and domestic pigs
Differences in MTL and MTW between modern wild and domestic pigs for each cheek tooth were tested using the nonparametric Wilcoxon"s test and visualized with boxplots. A boxplot graphically represents the median and the four quartiles that contain each 25% of the values.
Confidence intervals of the medians were also visualized in the boxplot by notches around the median. A non-overlap between notches of two plots is strong evidence that the two medians differ (Chambers et al. 1983 ).
Cut-off values and error risk for identifying wild & domestic Sus
The cut-off values separating modern wild and domestic pigs were estimated for each measurement and tooth following the protocol of Favre et al. (2008) and using the OpCutLocation v. 1.0 IDL ® program developed by one of the authors (G. E.; Favre et al. 2008 ). The cut-off value was calculated from the means and standard deviations of the two a priori defined sets (wild boar and domestic pigs) of normally distributed variates. Normality of the groups were tested using the Shapiro-Wilk normality test with a type-I error threshold of α=0.05. When a group was found to be not normally distributed, outliers were removed and normality restored. Outliers correspond to values above or below 1.5 times the interquartile range (Tukey 1977 ).
The cut-off value estimated by Favre et al."s (2008) method corresponds to the minimal joint prediction error risk to incorrectly attribute any individual value to one of the two groups, and thus offers the best compromise between the two prediction error risks. The farther the measured value is from the cut-off value separating the two groups, the lower is the error risk of assigning the corresponding specimen to the group located at the same side of the cut-off, leading to the computation of a prediction relative error risk -a quantity directly related to "odds" as used in gambling. In horse racing the betting "odds" expresses the amount of profit you will receive and the amount you have to bet to get it. For example, 1:5 (one fifth) or, similarly, the "odds against" 5:1 (5 to 1), means you will get 5€ for every 1€ wagered. In the present case the prediction relative error risk can be expressed as odds written in the form of "r:s" (read: r s th , with r the betting and s the amount of profit) that corresponds to the probability of having a correct identification of p=s/(r+s). The relationship between odds and probability can appear counterintuitive and complicated but only few values are important to remember. For instance, a betting odd of 1:100 (corresponding to the ratio of the probability that a prediction error is made to the probability that it is not made) will correspond to a probability p = 100/101  99% to correctly assign the specimen to the group located on the same side of the cut-off. Thus odds of 1:10 will correctly assign specimens to the group 90.9% of the time, odds of 1:5 to 83.3%, and odds of 1:2 to 66.7%.
Since a strong geographic variability exists in wild boar (e.g., Albarella et al., 2009; RowleyConwy et al 2012) , analyses were carried out for the full dataset, as well as for all specimens from Europe (France, Switzerland, Germany and Poland) and for Eastern populations (Iran, Iran, Turkey, and Russia), separatly. All statistical analyses other than those computed with
OpCut-Location v. 1.0 were performed using R v2.13.1 (R Development Core Team, 2011).
Identification of the specimens from the Durrington Walls
Specimens from the Durrington Walls were identified based on their molar lengths and widths according to the cut-off values and error risk curves established with the modern specimens.
The evolution of the percentages of specimens correctly identified as domestic pigs was visualised according to the different threshold values outlined previously (1:100, 1:10, 1:5, 1:2 and cut-off values). The corresponding relative error risk curves are represented in figures 3 and 4. The more the value is far from the cut-off value, the more confident is the identification. The risk of making a wrong identification does not decrease linearly and symmetrically on both sides of each cutoff value, and thresholds corresponding to the risks 1:100, 1:10, 1:5 and 1:2 are illustrated as dotted lines in figures 3 and 4. It is therefore possible to compare new values to the different thresholds, and to decide if a specimen can be identified or not according to levels of confidence. As expected, reliable identification can be obtained only for the extreme values (very small for domestic pigs, very large for wild boar). The higher the confidence, the fewer the number of definitively identified specimens -i.e. only 0.6% -4.3% of the specimens identified with a risk of 1:100, 7.9% -16.8% at 1:10, 17% -28.8% at 1:5, and 50.9% -62.6%
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Measurement values for both MTL-EMTL and MTW-EMTW
at 1:2 ( fig. 5) , depending of the tooth and the measurement analysed.
For example, for the MTL of M 3 , the cut-off value is 3.79 cm, meaning that specimens with an MTL lower than 3.79 cm are more likely to be domestic pigs. Conversely those showing an MTL higher than 3.79 cm more likely correspond to wild boar. Departing from this central cut-off value, a stricter threshold will increase the chance of providing the correct identification at the expense of the actual range of the variable that provides the actual identification. When the error risk limit is fixed to 1:10 (corresponding to a probability of correct assignment of ~90%), only the specimens with a MTL lower than 2.98 cm, or above 4.62 cm, could be identified as "domestic" or "wild" respectively. Between these two limit- Measurements from the UK Neolithic pig standard of Durrington Walls (Albarella & Payne 2005) were identified by our method as domestic in 92% to 100% of the cases, depending on the measurement used and the tooth analysed ( fig. 6 ). Only the MTL of the M 2 provided a lower success rate, with only 79.5% of the specimens identified as domestic. All the remaining specimens were identified as wild boar with a high error risk (17 measurements between the cut-off value and the 1:2 threshold, and one between 1:2 and 1:5). Pooling all the analyses together, 94% of the teeth were identified as domestic pigs. In this analysis, again, there are fewer specimens identified with low error risk than specimens identified with measurements close to the cut-off values ( fig. 6 ).
<Figure 6>
Discussion
Differentiating wild from domestic forms of mammals and birds has been a major focus of zooarchaeological research for decades (e.g. Vigne et al. 2005 ) -particularly those associated with the transition from hunting to herding. Our understanding of this major human biocultural transition relies upon our ability to explore the domestication process itself in more detail and to develop more robust tools with which to achieve that. Pigs have received particular attention in this respect over the last years (e.g., Albarella et al. , 2006 and threshold values estimated for relative error risks of 1:2, 1:5, 1:10 and 1:100, corresponding to prediction of correct probabilities of ~67%, ~83%, ~91% and 99%, respectively. Using the threshold of 1:10, around 10% of the analyzed specimens could be correctly identified with a probability of ~91%. A threshold of 1:100 will raise the confidence of identification significantly; however, a high proportion of the specimens (>95%) will remain unidentified. A threshold of 1:2 will allow ~55% of the specimens to be identified, but with a probability of correct identification of only 66%. Whilst each individual researcher must decide on the level of acceptable error, obviously based upon the specific archaeological questions under scrutiny, this approach at least provides some basic quantitative data informing how identifications have been made. However, what remains clear from the above results is that linear cheek tooth dimensions offer extremely low power in discriminating between wild and domestic Sus scrofa specimens.
The method of establishing cut-off values for identifying the wild or domestic status of archaeological pig remains goes back to the roots of the discipline of archaeozoology.
Rütimeyer (1860) According to Bull and Payne (1982) , data based on highly improved modern pig breeds should not be used to interpret archaeological data due to their reduced relevance to wild boar or ancient domestic breeds. Because the cut-off values and error risk curves provided in this study have been established using recent specimens, further comparisons with ancient specimens of known status are required before generalising to the zooarchaeological record.
Modern "wild" and "domestic" pigs are the two extremes of a domestication continuum.
Archaeological records evidenced that pigs have gradually and slowly changed during the domestication process (Ervynck et al. 2001) , potentially resulting in changes of the cut-off values and error risk curves through time.
Recent genetic and morphometric evidence for the introduction of domestic pigs of Near eastern/Anatolian origin to Europe during the Neolithic, followed by the subsequent rapid incorporation of European wild boar lineages into domestic swineherds Otonni et al 2013) According to the present study and the results obtained by Evin et al. (2013) , size is a less than ideal criteria to identify modern wild and domestic Sus specimens, since the majority of specimens fall close to the cut-off values and can only be identified with a high error risk.
Nevertheless, size is often one of the only variables currently available in the published literature. By its capacity to include finer differences, shape (NOT size) remains the most powerful descriptor to identify wild boar and domestic pigs based on their dentition, and should be the first choice over the traditional biometrical techniques where discrimination is the principal research question . It is often quicker to measure linear distances than to acquire geometric data that require preliminary handling and treatments before the computation of statistical analyses. The effort and time required by both techniques has therefore to be considered in terms of the balance between questions asked and level of information required. It is clear that in terms of wider comparative zooarchaeological information, linear measurement datasets currently vastly outnumber those using Geometric
Morphometric approaches. As a result, it is important to utilise these exiting datasets in new more systematic and quantitative ways, whilst at the same time being aware of and highlighting their limitations.
Conclusion
This study provides a new biometric framework for distinguishing modern West Palearctic wild and domestic pigs that can be applied to existing biometrical datasets that incorporate linear measurements of molar teeth. The statistical tool presented in this study provides cutoff values paired with error risks and therefore offers more objective criteria for identifying wild and domestic pigs using simple measurements of maximum tooth length and width. This framework provides a much more extensive sampling of both modern wild boar populations and domestic breeds than has so far been available. The quantification of the error risk related to identification will allow researchers to revisit past and present biometrical datasets in order to more systematically assess the likley presence and proportions of wild and domestic Sus scrofa represented.
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